Water-soluble carbohydrate composition of mature (ceased expanding) leaf blades and the elongation zone of developing leaf blades was characterized in wheat (Triticum aestivum L.), tall fescue (Festuca arundinacea Schreb.), and timothy (Phleum pratense L.). These species were chosen because they differ in mean degree of polymerization (DP) of fructan in the mature leaf blade. Our objective was to compare the nature and DP of the fructan. Vegetative plants were grown with a 14-hour photoperiod and constant 21°C at the leaf base. Gel permeation chromatography of leaf blade extracts showed that the apparent mean fructan DP increased in the order wheat < tall fescue < timothy. Apparent mean DP of elongation zone fructan was higher than that of leaf blade fructan in wheat and timothy, but the reverse occurred for tall fescue. Low DP (sl0) and high DP (>10) pools were found in both tissues of tall fescue and wheat, but concentration of low DP fructan was very low in either tissue of timothy. All three species have high DP fructan. Comigration with standards on thin-layer chromotography showed that wheat contained 1-kestose and a noninulin fructan oligomer series. Tall fescue contained neokestose, 1-kestose and higher oligosaccharides that comigrated with neokestose-based compounds and inulins. Thin-layer chromatography showed that small amounts of fructose-containing oligosaccharides were present in timothy.
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Fructan is the major form of stored carbohydrate in many temperate C3 grasses and other monocots and many dicots (11) . Most data show that fructan storage and synthesis are located in the vacuole (6, 25) . Threshold concentrations of sucrose are required for fructan synthesis (9, 10) , and accumulation occurs generally when sucrose supply exceeds demand (15, 27) . The influence of fructan metabolism on sucrose-starch partitioning is not fully understood. Maintenance of high CO2 exchange rates at low temperature in some species (7, 14, 25) may result because fructan rather than starch accumulates.
Fructan metabolism also may function to maintain a sucrose gradient between phloem and sink tissues to facilitate phloem unloading (18) . The osmotic potential of sink tissue may be lowered significantly by high fructan concentrations as fructan is water soluble (18) . Polymerization or depolymerization of fructan may thus allow changes in colligative properties of plant tissue water. Depolymerization of fructan to free fructose has been associated with depression of the freezing point of tissue water in cold-hardened crowns of rye (Secale cereale L.) (12) . ' (11) . The trisaccharides, 1-kestose and 6-kestose, are the smallest polymer of inulin and levan, respectively. Bifurcose, a branched tetrasaccharide based on these two trisaccharides, is also reported in cereals and may be extended in DP to give branched structures with either an inulin or levan backbone (11) . A third trisaccharide, neokestose, has fructose attached to the primary hydroxyl group of the glucose moiety of sucrose, thus placing glucose within the chain. Higher oligomers based on neokestose have been reported which use ,B-2 --1 linkages to join additional fructosyl groups (19) .
Except for a unique case with timothy (Phleum pratense L.) (21) trisaccharide synthesis is believed necessary for higher polymer formation. Wagner and Wiemken (26) have described the regulation of SST (EC 2.4.1.99) in barley (Hordeum vulgare L.) which synthesizes a l-kestose-like compound from sucrose. Synthesis of 6-kestose may also occur in barley due to activity of a different SST, but 1-kestose formation is thought to channel most carbon to higher DP fructan (26 Rapidly elongating leaf blades of grasses were removed from the surrounding sheath, and excised at their ligule. The youngest 25 mm were taken as the elongation zone of tall fescue (23) , as were the youngest 20 mm of timothy and wheat. Throughout this paper, 'elongation zone' refers to the region of cell expansion in the direction of the major axis of the immature, elongating leafblade. 'Leaf blade' refers to the blade which has most recently finished expansion and has its ligule exposed above the whorl. Leaf blades and elongation zones were collected from the same tiller. Fresh weights and dry weights (70°C) were determined. Rapid drying does not alter the relative composition of the carbohydrate pool in tall fescue (17) .
Dry tissue was ground with a mortar and pestle and carbohydrates were extracted in water. Proteins were precipitated with lead acetate, and removed by filtration (Whatman No. 1). Filtrate was dried under reduced pressure and redissolved in water. Extracts of WSC from Jerusalem artichoke tubers, onion bulbs, and asparagus roots were similarly deproteinated, but not dried.
GPC was performed using Sephadex G-50 and G-75 in a 100 x 1.6 cm glass column with 0.2 M NaCl as eluent (10) . Flow rate was 25 mL h-'. Three milligrams of WSC were applied, 5 mL fractions were collected, and total carbohydrate was determined by the anthrone procedure (4).
The fractions of WSC were also separated by silica gel TLC (Fisher Redi-Plate). For analytical purposes about 80,g WSC per lane were applied unless indicated otherwise. Plates were developed three times with l-butanol:glacial acetic acid:water (22) in one of two ratios: 50:25:25 (system A) and 55:30:15 (system B). Plates were dried and reference lanes were visualized with urea-phosphoric acid (28) which stains mainly ketoses. The DPs of compounds isolated from TLC plates, or in fractions of column eluent, were calculated as the ratio of total carbohydrate to glucose. Glucose was liberated from polymers by acid hydrolysis (0.1 N H2SO4 at 100°C for 15 min) and determined by a glucose oxidase procedure (Worthington Statzyme Glucose read at 500 nm).
Three replications of each sampling were performed with six or seven tillers, each from separate pots, being combined per replicate. The experiment was repeated twice for timothy and wheat. All data presented are from one experiment as no substantive differences in TLC patterns of carbohydrate profiles were observed between replications or experiments. Column chromatography data were obtained on at least one replication from each experiment.
RESULTS
Fructan Polymers. The Sephadex G-50 GPC elution profile of WSC (Fig. 1A) showed that fructan from wheat leaf blades started to elute later than that from the elongation zone of wheat indicating that apparent mean DP of fructan was greater in the elongation zone. Comparison of the two wheat profiles suggests that the elongation zone contained relatively more WSC as fructan than did the leaf blade. WSC from wheat was 18 ± 1% and 20 ±2% of dry matter in the leaf blade and elongation zone, respectively.
WSC was 1 1 ±1% of dry matter in tall fescue leaf blades and resolved into 2 peaks on GPC (Fig. 1 B) . The faster moving peak near Ka, = 0.40 was fructan with a mean DP of appr'oximately 72 and a range up to DP 90. The slowerpeak nearKay = V.
migrated similarly to hexoses and sucrose, but also contained some low DP fructan. This profile is similar to that obtained (Fig. IC) . Like wheat, but in contrast with tall fescue, fructan from the elongation zone of timothy attained a higher apparent DP than that of the leaf blade, most of it moving near the void volume.
Fructan Oligomers. TLC was used (Fig. 2) to better describe the low DP fructan pools. Fructose and sucrose were common to both tissues of each species. Fructan oligomers up to DP = 5 are labeled according to apparent DP assuming one glucose in relative migration of fructan of several DPs (Fig. 2) . WSC extracts from Jerusalem artichoke tubers, onion bulbs, and asTimothy paragus roots were used as references (15) to identify the fructan oligomers from the grasses (Fig. 3) . Jerusalem artichoke contains predominately one trisaccharide, l-kestose, and a series of higher inulin oligomers (5) . Onion bulbs contain 1-kestose and neokestose as well as higher oligomers (1, 3) . Asparagus roots contain 1-kestose, neokestose, inulin oligomers, and neokestose oligomers up to a DP of 5 (19) . WSC from the elongation zone of tall fescue and from the leaf blade of wheat were mixed with WSC from either Jerusalem artichoke or asparagus. The same results were obtained when WSC from either leaf elongation zone or leaf blade tissue of each grass species was used.
The wheat trisaccharide (Fig. 3 ) comigrated with 1-kestose from Jerusalem artichoke, but the remaining fructan did not comigrate with the inulin or neokestose series of asparagus or the inulin series of Jerusalem artichoke. The tetrasaccharide is likely bifurcose which has been reported in wheat (1 1 Wheat contained a substantial low DP pool in both tissues, and the relative distribution of polymers was consistent with the elution profiles from GPC (Fig. IA) . Fructan from the leaf blade was predominantly low DP, with concentration of higher homologs decreasing with increasing DP. In contrast, fructan in the elongation zone was predominantly of DP > 10, and concentrations of low DP oligomers appear to be lower than in the leaf blade. Distribution of WSC from tall fescue separated by TLC (Fig.  2 ) also was consistent with the GPC data. Fructan of DP c 10 was predominant in the elongation zone whereas fructan of DP > 10 was predominant in the leaf blade. This verified that the low mol wt peak of WSC found with GPC ( Fig. 1 B) also contained a low DP fructan pool, and tall fescue contained two pools in each tissue.
Timothy contained very little low DP fructan in either tissue (Fig. 2) . The urea-phosphoric acid spray is sensitive to about 1 ,gg fructose and this TLC procedure can separate at least 20 bands of a homologous fructan series. Thus, each undetected fructan of DP 20 or less would contribute, at most, about 1% of the total WSC. These results also confirm findings with GPC (Fig. IC) . The relative absence of a low DP pool in elongation zones in timothy, in contrast with wheat and tall fescue, suggests a differential mechanism among species for generating osmoticum.
Wheat and tall fescue differ in number of trisaccharides and for DP 4, 5, 6, and possibly higher order oligomers. These comigrated with oligomers from asparagus indicating that one number of each pair was an inulin oligomer and the other belonged to the neokestose series. Both members were distinct from the corresponding DP 4 and 5 from wheat, indicating that at least three fructan oligosaccharide series could be distinguished by this procedure. A faint band trailing sucrose, but ahead of the fructan trisaccharide in tall fescue and wheat (Fig. 2), has not yet been identified.
The leaf blade of timothy contained at least two oligosaccharides other than sucrose as revealed when 320 jig WSC were applied (Fig. 3) , but the concentrations were relatively small. The darker band comigrated with 1-kestose that was isolated from Jerusalem artichoke and mixed with the sample (TLC plate not shown). Mobility of this band is slowed in timothy when compared with other lanes (Fig. 3) , probably because of the higher concentration of carbohydrates and salts, hence resolution is lower. Identification as 1-kestose is thus more tentative.
We recently obtained standards of the three fructan trisaccharides. 1-Kestose and 6-kestose comigrated on our silica gel system but were separated from neokestose as suggested in Figure 3 . 6-Kestose was resolved from the other trisaccharides after three developments on cellulose (Avicel Cellulose Uniplate, Analtec, Inc. Newark, DE) using 1-butanol, 95% ethanol, and water (2:1:1). Only a trace of 6-kestose was observed in wheat and none in tall fescue. Therefore, the sharp band identified in Figure 3 is predominantlyl-kestose.
DISCUSSION
Three possible functions of fructan in plants are carbohydrate storage, unloading of sucrose from phloem, and maintenance of osmotic potential (18) . Our data show that large concentrations of fructan are found in elongation zones of all three species. This was shown earlier for wheat (8) , tall fescue (18, 24) , and Festuca pratensis Huds. (2) , and the concentration distribution throughout the elongation zone of tall fescue has been described (17) . Further, about 40% of the sucrose import into the elongation zone of tall fescue is used for fructan biosynthesis (17) , suggesting that this tissue has an abundant supply of sucrose under conditions used in experiments presented here. Kemp and Backlow (8) concluded that temperature and not carbohydrate supply to the elongation zone limited leaf elongation rate in wheat.
Schnyder and Nelson (17) determined that the low DP pool in the growth zone of tall fescue could contribute at least 0.2 MPa to the tissue osmotic potential, about equivalent to the contribution from sucrose and hexoses. Fructan oligomers in wheat may also contribute to the osmotic potential of the elongation zone. Timothy is not regarded as very drought tolerant, a fact usually attributed to its shallow rooting depth, but which may also be related to the virtual absence of fructan oligomers in leaf tissues. The alternative case, that fructan synthesis diminishes the contribution of WSC to osmotic potential by sequestering hexoses in polymers higher than sucrose, also must be considered.
The high DP pools reported here are presumably of the levan type as it predominates in mature tissues of grasses (16) . The linkage type of the low DP pool, however, varies with species as shown in Figures 2 and 3 . Wheat and timothy both appear to contain levan with a greater mean DP in the elongation zone than in the mature leaf blade. Tall fescue presumably also makes levan polymers, but inulin and neokestose-based oligomers are higher in concentration and contribute more to osmotic potential in the elongation zone. Pollock(13) also found two oligosaccharide series, one comigrating on TLC with inulin, in leaves of Lolium temulentum L. An osmotic role for inulin has been suggested in Jerusalem artichoke tubers (5, 6) and in basal portions of young onion leaves (3).
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The predominance of 1-kestose in tall fescue and wheat supports the proposed role for this trisaccharide as precursor to all other fructan (15, 26) . Suzuki and Pollock (21) also found Ikestose in timothy, although, in their work, an enzyme activity synthesizing high DP fructan directly from sucrose was thought to operate.
Fructan structure and size range vary with the species of grass and the tissue studied. Preliminary results from eight other C3 grass species indicate that the oligosaccharide patterns exhibited by the three species investigated here are representative of a wider population. The effects of these variations on physiological roles such as drought adaptation are being investigated.
